INTRODUCTION
The Alternative Motor Fuels Act of 1988 (AMFA) requires alternative fuel vehicles (AFVs) to be placed in service in U.S. Federal fleets. The U.S. Department of Energy (DOE) is responsible for evaluating the performance of these vehicles. Performance measures include driver acceptance, fuel economy, operational costs, maintenance, and emissions. The alternative fuels being evaluated under AMFA include methanol, ethanol, and natural gas. Light-duty passenger cars, vans, and trucks are part of the AMFA evaluation program along with school buses, transit buses, and heavy-duty trucks. Results from the AMFA fleet test program are reported annually. 1 There is particular interest in using ethanol produced from cellulosic biomass as a renewable fuel. Current commercial production is mainly from corn. Ethanol production from corn has a low net energy yield, but future production methods from cellulosic biomass offer the potential of low cost and favorable net energy yields. In addition, producing ethanol from cellulosic biomass is one of the few methods available for reducing net carbon dioxide (CO 2 ) emissions. Unlike fossil fuel sources, producing ethanol from cellulosic biomass essentially recycles the CO 2 from the atmosphere. 2 Ethanol fuel properties can also provide excellent vehicle performance. All these benefits make ethanol an attractive alternative fuel for reducing energy imports. 3 AFV emission performance for light-duty passenger cars, vans, and trucks in the AMFA program is measured at several laboratories located near fleet test sites. Low-and high-altitude laboratories and test sites are part of the AMFA program. The emission results reported here are from two low-altitude laboratories with measurements from 21 variable-fuel passenger cars operating on ethanol and reformulated gasoline (RFG). Emission measurements from comparable dedicated gasoline vehicles are also reported for reference.
The AMFA light-duty emissions test program is designed to evaluate the relative emissions performance of AFVs compared to that of their conventional fuel counterparts. Because ethanol is proposed as a future replacement fuel for gasoline, RFG has been selected as the conventional future fuel baseline. The direct counterpart comparison for emissions performance of ethanol operating in a variable-fuel vehicle (VFV) is the same vehicle operating on RFG. Emissions results from a similar dedicated gasoline vehicle are of interest for reference only, as it is not equitable to directly compare VFVs to dedicated vehicles. In other parts of the AMFA program where dedicated AFVs are available, a dedicated conventional fuel vehicle is used for relative performance assessments.
Earlier AMFA emissions testing included a limited number of vehicles. 4, 5 To strengthen the statistical validity of the results, a Phase 2 AMFA test program was initiated in 1994. Phase 2 increased the number of test vehicles to approximately 25 vehicles in each category. Emissions test vehicles are scheduled for emissions measurements at 4,000 miles, 10,000 miles, and each 10,000-mile increment thereafter. The purpose of the test program is to determine relative emissions from vehicles in actual service. By testing at several mileage increments, the deterioration of vehicle emissions with age or use may also be determined. Because of relatively low mileage accumulation to date in the program, emissions deterioration rates are not addressed in this paper.
TEST VEHICLES
The test vehicles were 1992 and 1993 Chevrolet Luminas in the VFV configuration and in the standard dedicated gasoline configuration. Details of the Lumina test vehicles are presented in Table 1 . The VFVs are capable of operating on blends of ethanol and gasoline ranging from 85 volume % ethanol to 100 volume % gasoline. Special modifications to the VFVs include different piston rings, fuel tank, engine electronic control module, high-capacity fuel injectors, corrosion-resistant fuel system materials, and an added fuel composition sensor to determine the proportion of ethanol delivered to the engine.
The test vehicles were in regular Federal service in the Chicago and Washington, D. C. areas. Table 2 shows the numbers of vehicles in each location and their average odometer readings. Figure 1 is a photograph of the Chevrolet Lumina VFV.
All test vehicles participating in this program are part of the U. S. Federal vehicle pool. The vehicles are leased to various government fleets through the General Services Administration (GSA). Many vehicles have been selected for testing because vehicle usage and care vary from site to site. Vehicle service may vary widely from short delivery routes to highway driving. The degree of adherence to which the original equipment manufacturer's preventive maintenance schedule depends, to a certain extent, on the diligence of the fleet operator. Therefore, throughout the life of the program, variability in the emissions level is expected to be fairly high from vehicle to vehicle. Fleet personnel are notified of upcoming tests and are asked to ensure that the vehicle scheduled for testing has received normal preventive maintenance and that it is in normal operating condition. Nevertheless, each vehicle goes through a general inspection when it arrives in the test laboratory. Based on the general inspection, the vehicle may undergo a minor repair (replace fuel cap, tighten fitting, etc. ) at the laboratory, be sent to an authorized dealership for maintenance, be returned to the fleet with notification of a problem, or be prepared for testing. Table 3 describes the three test fuels that were used in the program. The base gasoline reference fuel was California Phase 2 RFG. Ethanol blends of 50 volume % and 85 volume % were prepared by blending neat ethanol with the same California Phase 2 RFG. Phillips Petroleum Company prepared the three fuels and shipped them to the test laboratories in 55-gallon drums. The vapor pressure of each fuel was adjusted by Phillips to achieve a nominal 7-lb Reid vapor pressure. Research and motor octane numbers were measured for RFG and estimated for the ethanol blends. The mass energy content of ethanol is roughly two-thirds that of gasoline; therefore, the ethanol blends reflect a proportionate reduction in their respective net heat of combustion values (see Table 3 ).
TEST FUELS

TEST PROCEDURES
Two independent laboratories tested the Federal fleet vehicles in Washington, D. C. , and in the Chicago area, respectively. Figure 2 outlines the complete procedure for testing a vehicle. As described in the previous section, this was preceded by fleet notification, verification of scheduled maintenance and acceptable vehicle performance, and an inspection of the incoming vehicle at the laboratory. Once the vehicle was approved for testing, an extensive procedure designed to minimize the fuel changeover effects was performed. Each VFV was tested on RFG, E85, and E50, in random order. The fuel changeover procedure was performed before every test, including the first test in the sequence. This process follows the Auto/Oil Air Quality Improvement Research Program's (AQIRP) vehicle testing procedures. 6 The main elements of the fuel changeover procedure are a 60-min purge of the vehicle's evaporative canister, several fuel tank drain and fill sequences, a chassis dynamometer driving cycle using the test fuel, and several engine start-up and idle sequences. Once the fuel changeover procedure was complete, the vehicle was tested following the Environmental Protection Agency's (EPA's) FTP for light-duty vehicle chassis dynamometer testing. 7 This included a complete fuel drain and 40% refill with the test fuel at room temperature, followed by a dynamometer preconditioning driving cycle and a temperature-controlled soak for 12 to 36 hours After the soak time, the fuel was again drained and filled to 40% capacity with test fuel at 45°-60°F (7°-16°C). The vehicle was then pushed into the sealed housing evaporative enclosure where the EPA diurnalheat-build, sealed housing evaporative determination (SHED) test was performed. To determine the vehicle's evaporative loss, initial and final hydrocarbon (HC) and ethanol measurements were taken from the evaporative enclosure as the temperature of the vehicle's fuel tank was raised from 60°F to 84°F (16°to 29°C) during a period of 60 min. Within 1 hour of the diurnal SHED test, the vehicle was pushed onto the dynamometer, started, and driven through the three phases of the FTP.
Three samples of dilute exhaust gas from the constant volume sampling system were collected during the FTP corresponding to the cold transient (bag 1) phase, the hot stabilized (bag 2) phase, and the hot transient (bag 3 phase). These "bag" samples were analyzed for HCs, using a flame ionization detector (FID), heated to 235±15°F (113±8°C) for alcohol fuel tests); methane (CH 4 ), using an FID combined with a gas chromatograph; oxides of nitrogen (NO x ), using a chemiluminescence analyzer; and carbon monoxide (CO) and CO 2 , using nondispersive infrared analyzers as prescribed by standard FTP certification. Background ambient samples were also collected and analyzed to correct emissions measurements. Alcohol samples were collected by drawing dilute air and exhaust gas samples through primary and secondary impingers filled with pure water and chilled in an ice-bath to 35°-41°F (2°-5°C). Gas chromatography was used to analyze the alcohol samples. Aldehyde samples were collected on dinitrophenyl-hydrazine (DNPH) coated silica cartridges or impingers filled with an acetonitrile/DNPH solution, and analyzed using high-performance liquid chromatography.
The hot soak evaporative emissions test required by the FTP was performed immediately after the hot transient phase (bag 3) of the exhaust emissions test. Evaporative losses were determined from HC and ethanol analysis of the enclosure atmosphere at the start and end of the 60-minute test period.
Gas chromatography was also used to perform full speciation of the exhaust and evaporative HC from a sample of the vehicles. The HC speciation quantified the concentration of more than 100 HC constituents in the emissions samples. A complete list of the HC species in elution order is given in the Appendix ( 
RESULTS AND DISCUSSION
Detailed results from GSA ethanol Lumina VFV test vehicles and the dedicated control vehicles can be found in the Alternative Fuels Data Center (AFDC) located on the World Wide Web at http://www. afdc. doe. gov. Summary results for the data discussed in this report are presented in the Appendix, including total regulated and unregulated exhaust and evaporative emissions, vehicle odometer reading at time of test, and fuel economy calculated from FTP emissions (Tables A-2. -A-5.). The Appendix also summarizes speciated emissions test totals, calculated ozone-forming potential (OFP), calculated specific reactivity (SR), and toxic compound totals from 10 vehicle tests (Tables A-6 .-A-7.). Separate results are discussed below for regulated exhaust emissions, evaporative emissions, exhaust toxics as designated in the Clean Air Act Amendments of 1990, fuel economy, CO 2 emissions, and OFP calculated from speciated emissions results. Ethanol vehicle emission performance has been reported elsewhere, but the previous studies evaluated samples of three or fewer vehicles.
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REGULATED EXHAUST EMISSIONS -Non-methane hydrocarbon (NMHC), NO x , and CO results for VFV Luminas operated on RFG, E50, and E85 are summarized in Tables 4, 5 , and 6, respectively. Equivalent NMHC emissions for the ethanol fuel blends are expressed as organic material nonmethane hydrocarbon equivalent (OMNMHCE). OMNMHCE is calculated by modifying the measured NMHC fraction to account for alcohol and aldehyde emissions as shown here:
13.8756 46.069 13.8756 46.069
The comparative fuel results for NMHC, NO x , and CO are plotted in Figures 3, 4 , and 5 respectively. NMHC emissions were reduced using E85 compared to RFG by 20% at Laboratory 1 and by 22% at Laboratory 2. NO x emissions were reduced by 25% and 32%, respectively, for E85 at the two laboratories, and CO was reduced in the E85 case by 24% and 12%, respectively, at the two laboratories. Table 7 and plotted in Figure 6 . As expected from the equivalent Reid vapor pressure blends, little difference was noted. E85 evaporative emissions at Laboratory 1 were only 3% less, and the same emission measurements at Laboratory 2 were nearly identical.
EXHAUST TOXICS -Speciated emission analysis included detecting and quantifying four mobile source toxicsbenzene, 1,3-butadiene, formaldehyde, and acetaldehyde-as designated in the Clean Air Act. Acetaldehyde is one of the primary decomposition products from ethanol combustion and is expected to be higher from ethanol than from other fuels. In relative terms, however, acetaldehyde is the least potent of the four mobile source toxics.
14,15 Table 8 presents the mobile source toxics results measured at Laboratory 1. The same results are plotted in Figure 7 . E85 operation compared to RFG effected a 79% reduction in benzene emissions and an 80% reduction in 1,3-butadiene. E85 operation resulted in a 20% increase in formaldehyde emissions and nearly a 20-fold increase in acetaldehyde emissions. FUEL ECONOMY - Table 9 shows the fuel economy determined as part of the FTP emissions procedure for the three fuels tested. Because ethanol has a lower volumetric energy content, the volumetric fuel economy for ethanol fuels is expected to be lower. The energy-specific fuel economy based on equivalent energy content of gasoline is plotted in Figure 8 . On an energy equivalent basis, results from this test program showed essentially identical fuel economy for each fuel. Laboratory 1 indicated a 1% improvement and Laboratory 2 indicated a 1% reduction in energy equivalent fuel economy for E85 compared to RFG.
Theoretical analysis of the combustion properties of ethanol would predict improved energy equivalent fuel economy for ethanol blends. 3 Other studies have reported results similar to the theoretical analysis, 13,16 but the results from this study and one other study 17 did not show this advantage. CARBON DIOXIDE EMISSIONS -Emissions of CO 2 are not regulated, but are of interest as a greenhouse gas because of their the estimated contribution to global warming. Measured CO 2 emission results are presented in Table 10 and plotted in Figure 9 . A slight reduction is noted for the ethanol fuels. This is expected because of the lower carbon content of ethanol per unit of energy compared to RFG. In a larger sense, however, ethanol produced from renewable resources such as cellulosic biomass can result in near elimination of net CO 2 emissions, because the production cycle would recycle the carbon from the atmosphere. OZONE-FORMING POTENTIAL AND SPECIFIC REACTIVITY -Regulations in California assign a maximum incremental reactivity (MIR) value to individual compounds emitted in exhaust. The MIR value is the predicted contribution of the compound to ozone formation in certain urban atmospheres and is expressed in units of milligrams of ozone per milligram of compound. The MIR value is determined in a laboratory experiment in which a small increment of the compound is added to a simulated urban background mixture and the net increase in ozone is measured. Taking into account the MIR values for all measured exhaust compounds, an OFP for the fuel may be calculated in units of milligrams of ozone per mile. SR for a given fuel may also be calculated by combining the respective mass of compound emissions per mile with the OFP, which results in units of milligrams of ozone per milligram of total organic emissions. In California regulations, SR is based on non-methane organic gas (NMOG) emissions. SR is usually constant for a given fuel and engine technology. Table 11 presents the OFP and SR for Lumina VFV operation on the three test fuels. OFP is plotted in Figure 10 and SR results for the three test fuels are plotted in Figure 11 . Changing from RFG to E85 operation in the Lumina VFV results in a 25% reduction in OFP and a 30% reduction in SR, indicating benefits for ethanol in controlling urban ozone in some locations. The HC type distribution of compounds found in the speciated emissions data set are plotted in Figure 12 for the three test fuels. The carbon number distribution of speciated HC emissions is presented in Figure 13 for each test fuel. Table 12 summarizes the results of the AMFA emission testing of in-service Chevrolet Luminas VFVs operating on ethanol blends and RFG. Conclusions from this test program are preliminary, as the vehicles are still being tested at higher mileage accumulation points. The conclusions to date are:
SUMMARY AND CONCLUSIONS
1. Both independent emissions test laboratories reported reductions in NMHC (OMNMHCE) emissions for E85 compared to RFG operation for the in-service VFV test fleet.
2. Both independent emissions test laboratories reported reductions in NO x emissions for E85 compared to RFG operation for the in-service VFV test fleet.
3. Both independent emissions test laboratories reported modest reductions in CO emissions for E85 compared to RFG operation in the in-service VFV test fleet.
4. Evaporative emissions were not sensitive to the three test fuels (RFG, E50, E85), which were all blended to the same nominal Reid vapor pressure.
5. E85 demonstrates large reductions in benzene and 1,3-butadiene exhaust emissions. VFV operation on E85 results in slightly higher formaldehyde emissions and in much higher acetaldehyde emissions.
6. VFV fuel economy measured on a chassis dynamometer was similar on an energy equivalent basis for RFG and E85.
7. SR and OFP were less for E85 than for RFG in the inservice VFV test fleet.
8. CO 2 exhaust gas emissions were less for E85 compared to RFG operation in the VFV test fleet. 
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